Silver nanoparticle (Ag-NPs)-immobilized and amine-functionalized carbon nanotubes (MWCNTs), MWCNTAg-NH 2 , were easily prepared in order to develop an efficient delivery system of biomolecules without complicated processes of manufacture. For this, Ag-NPs-immobilized MWCNTs, MWCNT-Ag, were initially prepared in order to create large surface area to enable more efficient linkage with guest-molecules using pristine MWCNTs. The Ag-NPs on MWCNTs were further positively functionalized with 2-aminoethanthiol to allow ionic linkage with biomolecules. Ultimately, the positively charged delivery system proved to be highly effective for the binding capacity of bovine serum albumin (BSA) as a negatively charged model protein, when compared to that of lysozyme used as a positively charged model protein. The releasing profile of BSA was observed in almost linear pattern for about two weeks in a saline solution. This study demonstrated the potential usefulness of the pristine MWCNTs in conjunction with Ag-NPs for the selective delivery of many (negatively or positively) charged biomolecules including proteins and genes.
Introduction
Nanotechnology offers many potential advantages to the design of drug delivery systems. The manufacturing process and the surface properties of the system as a nanotemplate have a significant impact on the efficiency for drug delivery. Due to their interesting structural and physicochemical properties, including high aspect ratio and relatively easy surface modification, carbon nanotubes (CNTs) have been well known as an attractive nanotemplate to develop for use in controlled and targeted drug delivery. [1] [2] [3] The chemicallyinert surface of CNTs often has been functionalized with strong oxidants in strong acid to gain more efficient link with amine-or thiol-sites of biomolecules, resulting in the formation of carboxyl groups intensively at the end of CNT tubes (CNT-COOH) with severe damage. [4] [5] [6] [7] [8] [9] [10] [11] [12] Further functionalization of the carboxyl groups on modified CNTs was also attempted to increase the adhesion efficacy of proteins. 6, 7 However the functionalization of CNTs has been showing the limit to increase the efficiency of the protein delivery, because it may be difficult that the whole surface of CNTs is uniformly to be functionalized. To increase surface area of drug templates and to gain more efficient link with protein molecules, metallic nanoparticles functionalized with various methods were also employed as drug delivery system. To maximize the loading capacity of biomolecules, methods to combine metallic nanoparticles with CNTs have recently been developed. 13 Especially, the integration of silver nanoparticles (Ag-NPs) with CNTs is considered to be of special merit due to the additional biological function of Ag-NPs, including antimicrobial activity. 12, 14, 15 Moreover, great attention has recently been given to the surfacefunctionalized Ag-NPs in order to develop them as a delivery system of drugs, genetic materials and diagnostic agents . [16] [17] [18] [19] [20] In this study, we newly designed an efficient delivery system of biomolecules by combining unfunctionalized MWCNTs with functionalized Ag-NPs. For this, Ag-NPs was initially immobilized onto the surface of pristine MWCNTs by facile reduction of silver alkylcarbamate complex, [21] [22] [23] [24] [25] [26] [27] [28] [29] following amine-functionalization of the AgNPs to allow binding of biomolecules such as proteins and genes. The positively charged delivery system ultimately proved to be highly effective for the binding capacity of bovine serum albumin (BSA) as a negatively charged model protein, when compared to that of lysozyme used as a positively charged model protein. The releasing profile of BSA was observed in almost linear pattern for about two weeks in a saline solution.
Experimental Section
Materials and Instruments. Pristine multi-walled carbon nanotubes synthesized by chemical vapor deposition were purchased from ILJIN Nanotech Co., Ltd. (Seoul, Korea). Ag-Ink (an isopropyl alcohol (IPA) solution of silver(I) complex with 2-ethylhexyl amine and 2-ethylhexylammonium carbamate; Ag = 10 wt %) was purchased from InkTec Co., Ltd., Korea and was used as a silver-precursor. Bovine serum albumin (BSA) and lysozyme were purchased from Sigma-Aldrich and phosphate buffer solution (PBS, pH 7.0) from GIBCO Invitrogen Corporation. All other chemicals including aminoethanthiol and isopropyl alcohol (IPA) were obtained from commercial sources and used without further purification.
Morphological characterization of MWCNTs and Ag-NPs was performed by transmission electron microscopy (TEM) using a JEOL electron microscope (JEM1010). Information about organic functional groups was obtained by Fourier transform infrared spectroscopic (FT-IR) measurements using Biorad Excaliber TS-3000MX spectrophotometer in the range of 4000-800 cm . TGA measurements were carried out on a Shimadzu TGA 50 thermal analyzer at a heating rate of 10 o C/min under nitrogen. The XRD pattern of the silver nanoparticle was measured using a Rigaku Ultima IV X-ray diffractometer with the CuKα radiation (λ = 1.54056 Å) at a scanning rate of 2 degrees per second in 2θ ranging from 20° to 90°. UV-vis spectra were obtained using the Shimadzu, UV-1601PC spectrometer over the 200 to 800 nm ranges with 1 nm resolution and background correction using PBS. Zeta (ξ) potential measurement was carried out by means of Zetasizer nano ZS90 (Malvern). The Zeta (ξ) potential of distillation water solutions of containing pristine MWCNTs and the derivatives such as 1-SbF 6 , 1-Cl and 1-tartrate were recorded at room temperature. The Zeta (ξ) potential was automatically calculated from electrophoretic mobility based on the Smoluchowski equation, v = (εE/η)ξ, where v is the measured electrophoretic velocity, η is the viscosity, ε is the electrical permittivity of the electrolytic solution and E is the electric field.
Preparation of MWCNT-Ag and MWCNT-Ag-NH 2 Hybrids. 20 mg pristine MWCNTs were stirred in 40 mL Ag-Ink and 160 mL isopropyl alcohol with H 2 gas bubbling for 0.5 and 1 h at room temperature. The Ag-NPsimmobilized MWCNTs (MWCNT-Ag) were separated from the reaction solution by centrifuge, washed with acetone several times and then dried in vacuum. For amine-functionalization of Ag-NPs formed on MWCNTs, the asprepared MWCNT-Ag complexes and aminoethanthiol were dispersed in isopropyl alcohol with ultrasonic vibration for 5 minutes. The final product was separated from the reaction solution by centrifuge, washed with isopropyl alcohol and acetone several times and then dried in vacuum.
Protein Loading onto MWNT-Ag-NH 2 . As the model biomolecule, BSA was used. For comparison study, lysozyme was also used. For the protein loading study, 10 mg MWCNT-Ag-NH 2 powder was dispersed by gentle stirring within the protein solution (10 mg protein) in phosphate buffered saline (PBS) at room temperature and pH 7.0. At regular intervals (1-8 h), the suspension was allowed to be centrifuged at 10000 rpm for 10 min and washed three times to eliminate free protein. The supernatant was subjected to UV-vis spectrometer to measure the amount of proteins adsorbed on MWCNT-Ag-NH 2 via measuring the intensity of absorbance peak at λ max = 278. The resultant MWCNTAg-NH 2 hybrid bound with protein was dried under vacuum for further release tests.
Protein Release Kinetics. 1 mg of protein-loaded MWCNTAg-NH 2 powder was dissolved in 1 mL of PBS buffer solution (pH = 7.0). After each time period (every 24 h for up to 16 days), the suspension was centrifuged and the supernatant was measured by UV-vis spectrometer at an absorbance of 278 nm. The cumulative release amount and release rate each day were calculated.
Zeta Potential Measurement. 1.5 mg of BSA and lysozyme were dissolved by gentle stirring in 10 mL of distillation water. 1.5 mg of MWCNT-Ag-NH 2 and pristine MWCNT powder were dispersed by sonicator in 20 mL of distillation water. Respectively, the zeta potential values of the suspensions were measured by Zetasizer nano ZS90 (Malvern) at room temperature and pH = 7.0.
Result and Discussion
Ag-NPs-immobilized multi-walled carbon nanotubes, MWCNT-Ag, were prepared from reduction of silver 2-ethylhexylcarbamate complex on MWCNTs with H 2 . To create binding sites for biomolecules, Ag-NPs formed on MWCNTs were further modified with aminoethanthiol to produce amine-functionalized (positively charged) MWCNTAg nanohybrid, MWCNT-Ag-NH 2 . The current design of MWCNT-Ag-NH 2 hybrid as an efficient delivery system of negatively charged biomolecules is schematically shown in Figure 1(a) . The surface morphologies of MWCNT-Ag nanohybrids, which were taken after H 2 gas bubbling for 30 and 60 min, were characterized by transmission electron microscopy. As shown Figure 1(b) and (c) (see Figure S1 ), after 30 min of stirring, Ag-NPs, which are distributed more or less uniformly on the external surface of the MWCNTs, are seen to have a diameter of about 20 nm and a distance of about 100 nm from neighboring particles. When the reduction time increased to 60 min, the size and the density of the nanoparticles grew to up to 50 nm and by 2-3 times, respectively. The MWCNT-Ag hybrid (H 2 -bubbled for 60 min), with a highly increased surface area, was further functionalized with 2-aminoethanthiol to allow ionic linkage with biomolecules. Figure 1(d) is a TEM image of the MWCNT-Ag-NH 2 hybrids, on which Ag-NPs are distributed more uniformly on the external surface of the MWCNTs. The average diameter of the Ag nanoparticles on MWCNTAg-NH 2 hybrids is less than 10 nm, much smaller than the average size of the Ag-NPs initially deposited on the MWCNT-Ag. Large Ag nanoparticles may be detached from the MWCNTs during the modification with aminoethanthiol under ultrasonic vibration, leading to the involvement of much smaller and uniform-sized Ag nanoparticles. The MWCNT-Ag and MWCNT-Ag-NH 2 hybrids were qualitatively characterized using X-ray diffractometer (XRD, Rigaku Ultima IV, CuKα radiation (λ = 1.54056 Å)) (Figure 2 o C due to the decompositions of the aminoethanthiol moiety and carbon nanotube body, respectively, were clearly observable. The differences in the decomposition temperature of MWCNT-bodies for the three samples also may be resulted from the different catalytic activities of naked and organic compound-covered Ag-NPs with respect to thermally degradable MWCNTs. The attached silver contents, estimated from the residual weight of the functionalized samples at 800 °C, are 59% and 50% for the nanohybrid products, MWNT-Ag and MWCNT-Ag-NH 2 , respectively. The efficacy of the MWCNT-Ag-NH 2 hybrid in loading and delivery of biomolecules was demonstrated using protein bovine serum albumin (BSA; Sigma-Aldrich). 24, 25 The protein loading and delivery studies were conducted using UVvis spectrometer (Shimadzu, UV-1601PC). Figure 4 shows the adsorption kinetics of BSA either on the pristine MWCNTs or on the silver-and amine-functionalized MWCNT derivative, MWCNT-Ag-NH 2 . On the MWCNTs the BSA adsorption increased for 3 h and then slowed to a plateau. On the other hand, the BSA adsorption of the MWCNT-Ag-NH 2 occurred continually for up to 6 h. The BSA adsorption of the MWCNT-Ag-NH 2 was significantly higher than that of the MWCNTs, showing the maximum adsorption level of MWCNT-Ag-NH 2 and pristine MWCNTs per one mg of the sample being 697 and 113 μg, respectively (Figure 4(b) ). This BSA loading was associated with the charge-charge interaction between negatively charged BSA molecule and the positively charged surface of the nanohybrid. As another model protein, lysozyme (Sigma-Aldrich), which is known to be highly positively-charged, was also compared the loading behavior onto the nanohybrid, MWCNT-Ag-NH 2 (Figure 2(c) ). Although the adsorption of lysozyme onto the MWCNT-Ag-NH 2 was shown to increase slightly with time, the adsorption amount was much lower than the case of BSA, being similar to the case of BSA onto pristine MWCNT. We measured the Zeta (ξ) potential of pristine MWCNTs, the MWCNT-Ag-NH 2 , BSA, and lysozyme to observe the surface charge difference. The Zeta (ξ) potential of aqueous solutions of the samples was recorded by Zetasizer nano ZS90 (Malvern) at room temperature and pH = 7.0. The value is automatically calculated from electrophoretic mobility based on the Smoluchowski equation, v = (εE/η)ξ, where v is the measured electrophoretic velocity, η is the viscosity, ε is the electrical permittivity of the electrolytic solution and E is the electric field. As shown in Figure 3 , the Zeta (ξ) potential of BSA and lysozyme which are known to be negatively-and positively-charged, respectively, was recorded to be −0.504 and +20.5 mV. On the other hand, as expected, the amine-functionalized MWCNT nanohybrid, MWCNT-Ag-NH 2 , gave a positive value of +50.1 mV which highly shifted from a negative value of −26.7 mV of pristine MWCNTs. The results clearly demonstrate the fact that the high efficacy of the amine-functionalized MWCNT nanohybrid for the protein adsorption came from the charge-charge interaction between negatively charged BSA molecule and the positively charged surface of the MWCNT-Ag-NH 2 nanohybrid. The specific binding behavior and high binding capacity of the positively charged MWCNT-Ag-NH 2 strongly suggest the potential usefulness of the current system for the delivery of negatively charged biomolecules including genes and growth factors. The BSA bound to the MWCNT-Ag-NH 2 hybrid was further released in phosphate buffer solution (PBS, pH 7.0, GIBCO Invitro- gen Corporation) at 37 o C for a period of up to 16 days. The cumulative release kinetics of BSA is shown in Figure 6(a) . Surprisingly, the release profile was almost linear without showing an initial burst release. This release pattern will be ideal for the sustained and controllable release of drugs. During the first 3 days, BSA release was about 20% of the BSA amount initially-loaded on the MWCNT-Ag-NH 2 hybrid, namely about 7% per day. The initial release rate was maintained over the course of about 12 days (Figure 6(b) ). From the 13th day, the rate fell below 4%/day and after the 14th day, only a trace amount of protein was released. As a result, the total protein amount released for 16 days was about 83%. It is clear that the protein release was dominated by a reaction-controlled mechanism, showing a linear release profile with time. The mechanism of adsorption and release of protein might be associated with a possible reaction, ion exchange, between BSA and MWCNT-Ag-NH 2 within PBS condition. When BSA molecules meet the MWCNT-Ag-NH 2 nanohybrid, a complex of [MWCNT-Ag-
[BSA] n − might be formed. Probably the complex exchanges its anions (BSA) with anions existing in PBS solution and the ion exchange can occur continuously with time. Based on the results on the specific binding of protein and its further sustained release profile, the MWCNT-Ag-NH 2 hybrid nanomaterials are considered to be potentially useful as a novel delivery system of biomolecules such as proteins and genes. Further works on using specific therapeutic molecules as well as the assessment of tissue and cell compatibility are currently underway.
Conclusion
Ag-NP-immobilized and amine-functionalized multi-walled carbon nanotubes, MWCNT-Ag-NH 2 , were prepared to ascertain their augmented capacity for the ionically specific binding with macromolecules such as proteins and genes. For this, Ag-NPs (about 20 nm and 100 nm, respectively, in size and at interval) firstly formed on MWCNTs were further functionalized with 2-aminoethanthiol, to create binding sites with proteins. As expected, the positively functionalized CNT platforms, MWCNT-Ag-NH 2 , showed 7 times higher adsorption capacity for bovine serum albumin with negative surface charge compared to that of pristine MWCNTs, as well as the ability to release BSA molecules at almost constant rate for about two weeks in PBS buffer solution. This study demonstrated the potential usefulness of the MWCNTs in conjunction with Ag-NPs for the delivery of biomolecules including negatively-charged proteins and genes.
